The function of rods and cones in children born extremely preterm has not yet been fully investigated.
A dvanced neonatal care enables the survival of very preterm children with low gestational age (GA) and has resulted in a new group of children growing up today. The national population-based Extremely Preterm Infants in Sweden Study (EXPRESS) investigates the mortality and longterm morbidity of children born extremely preterm (born before GA of 27 weeks during [2004] [2005] [2006] [2007] .
1 -3 In the neonatal period, severe retinopathy of prematurity (ROP) was found in 35% of the infants, 20% of whom were treated for ROP. 4 Among the infants surviving to 1 year of age, 55% had major neonatal morbidities such as ROP, periventricular leukomalacia, severe intraventricular hemorrhage, and bronchopulmonary dysplasia.
1 At a recent 6.5-year follow-up, ophthalmologic problems such as low visual acuity (VA), high refractive errors, and strabismus were found in 38% of the children who were born extremely preterm. 5 The retina is still histologically immature at birth, 6 and the development process continues for several years. At around 4 years of age, the fovea shows histologic signs of maturation but has not reached adult cone density. 7 The function of the developing retinal maturation is reflected by the full-field electroretinographic (ffERG) recordings showing larger amplitudes and shorter implicit times with increasing age. 8, 9 In very preterm infants (born <32 weeks' GA), during the neonatal period, the macular photoreceptors show signs of underdevelopment compared with those of children born at term, when examined with spectral-domain optical coherence tomography. 10 Central macular thickness has recently been reported as thicker in a subcohort of 6.5-year-old children born extremely preterm, participating in the EXPRESS, in comparison with children born at term. 11 Furthermore, retinal function is reduced in preterm infants, with smaller electroretinographic (ERG) amplitudes compared with infants born at term. 12, 13 Several ERG studies have investigated the retinal function in preterm infants and children, but, to our knowledge, no study has examined a group consisting only of children born extremely preterm. The aim of our study was to evaluate the combined rod and cone function and isolated cone function assessed with ffERG in children born extremely preterm and to compare the recordings with children born at term. The second aim was to investigate the association between ffERG recordings in the preterm group and GA and ROP.
Methods

Study Participants
The original cohort consisted of 87 preterm children and 66 children born at term, all of whom were 6.5 years of age, living in the Uppsala health care region in Sweden, and participating in the EXPRESS.
1,2 The children born at term were age matched with and born in the same region as the preterm children, and met the inclusion criteria of GA of 37 weeks or more and birth weight of 2500 g or more. The study was performed according to the Declaration of Helsinki, 14 with approval from the Regional Ethics Boards of Lund University. The parents of the participating children provided prior written consent, and the children provided verbal consent.
Screening and Grading of ROP
The preterm children were screened for ROP in the neonatal period; ROP was graded according to the International Committee for the Classification of Retinopathy of Prematurity. 15 Mild ROP was defined as stages 1 and 2, and severe ROP as stages 3 to 5. Indication for treatment followed the recommendations of the Early Treatment for Retinopathy of Prematurity study. 16 
Intraventricular Hemorrhage and Periventricular Leukomalacia
All preterm children underwent cranial ultrasonography during the neonatal period. Intraventricular hemorrhage was graded according to Papile et al, 17 and periventricular leukomalacia was diagnosed according to de Vries et al.
18
Eye Examination
At the 6.5-year follow-up, the children underwent monocular VA testing with habitual correction using logMAR Lea Hyvärinen symbol charts. 19 An automated refractor measurement in cycloplegia (using eye drops of cyclopentolate hydrochloride, 0.85%, and phenylephrine hydrochloride, 1.5%) was performed, and the spherical equivalent (SE) was calculated. All examinations took place between July 1, 2010, and January 15, 2014, in Uppsala University Hospital.
ffERG Recordings
Full-field ERG was performed with the Espion Ganzfeld system (Diagnosys LCC). The recordings were performed in accordance with the recommendations of the International Society for Clinical Electrophysiology of Vision, 20 except the light-adaption time, which was excluded to adapt the examination to children. Full-field ERG was performed binocularly using DTL electrodes 21 with previous installation of anesthetic eye drops (tetracaine hydrochloride, 1%). Reference electrodes were placed on the skin of the right and left zygomatic bones. A ground electrode was positioned on the back of 1 hand. Electrical impedance of less than 10 kΩ of all electrodes was required. Pupils were dilated with eye drops (cyclopentolate hydrochloride, 0.85%, and phenylephrine hydrochloride, 1.5%), and at least 8 mm of dilation was required before the recordings were made. During the ffERG recordings, 6 protocols with different flash strengths from light-emitting diode light sources were used ( Table 1) . The light intensity of the flashes was measured in candela-seconds per square meter (cd/s/m 2 ).
Key Points
Question How does extreme preterm birth affect retinal function in children who are 6.5 years of age?
Findings In this subcohort study of the Extremely Preterm Infants in Sweden Study, children 6.5 years of age who were born extremely preterm (<27 weeks' gestational age) had reduced function of both rods and cones when compared with children born at term, according to full-field electroretinography recordings.
Meaning A reduced function of both rods and cones is reported in children born extremely preterm, compared with children born at term, which may contribute to the various visual problems of this new population as they age. The ffERG signals were filtered through a band-pass filter of 0.3 to 300 Hz, and artifact rejection was used, excluding responses greater than 1000 μV. The child had to be seated in a relaxed position before the recordings were started. The examiner also encouraged the child and monitored the ERG responses throughout the assessment. Fixation and cooperation (detection of larger eye movements and/or blinks) were both monitored with an infrared camera in the Ganzfeld dome and were evaluated by the examiner during the recordings. The inclusion criteria for the ffERG recordings were adequate cooperation without a lot of large eye and body movements. Furthermore, ffERG recordings with present alternatingcurrent disturbances were excluded.
Statistical Analysis
Statistical calculations were performed with SPSS, version 22 (IBM Corp), and R, version 3.2.3 (The R Foundation). Mean (SD) values and ranges were calculated for the continuous data. Linear mixed models were performed to analyze the ffERG recordings (all 6 protocols included) between the preterm and control groups, as well as within the preterm and control groups. The data were validated and considered acceptable before entering in the parametric regression model. In the linear mixed models, the eye (right and left eye) and group (preterm and control group) were the fixed factors, and the participants were the random factors. Initially, the preterm group was compared with the control group regarding the ffERG recordings, with adjustment for sex and refraction (SE). The results from the regression analysis were initially presented as the mean difference between the groups with 95% CIs. Thereafter, linear mixed models were performed within the preterm and control groups separately for the explanatory variables VA, SE, eye (right and left), and sex for each of the ffERG values. In the preterm group, the explanatory variables GA, birth weight, and ROP (present or not present) vs ffERG recordings were compared according to the linear mixed models. Further analyses within the preterm group were performed, dividing ROP into the following groups: no ROP, mild ROP, severe ROP, severe untreated ROP, and severe treated ROP. The results from the linear mixed models were presented with 95% CIs. P < .05 was considered statistically significant. There was no adjustment for multiplicity, so the interpretation of P values should be descriptive. The number of children included was not based on any formal sample size calculation, and thus the study was not powered to show statistical differences.
Results
Of the original EXPRESS cohort of children in the Uppsala health care region, 73 of 87 preterm children (84%) and 64 of 66 children born at term (97%) participated in the present study at the 6.5-year follow-up. Full-field ERG recordings (according to the inclusion criteria) were obtained in at least 1 eye in 52 preterm children (50 right eyes and 48 left eyes) and 45 children born at term (45 right eyes and 45 left eyes), who comprised the study population. Background data on this population and the mean VA and the mean SE are described in Table 2 . Owing to missing data on the SE of 1 child in the control group, the results of 44 right and left eyes are presented in Table 2 .
Only 4 children had severe intraventricular hemorrhage (grades 3-4), and none had a diagnosis of neonatal periventricular leukomalacia, so further statistical analyses of the association between these conditions and the ffERG responses could not be performed. The preterm children had lower VA (logMAR VA mean difference, 0.082 [95% CI, 0.017-0.147]; P = .02) and higher SE values (mean difference, 0.944 [95% CI, 0.297-1.592]; P = .005) than the children in the control group, according to the mixed model analyses. Three children in the preterm group had myopia less than -3 diopters (D), and 8 children had hypermetropia greater than 3.0 D. In the control group, no children had myopia and 3 children had hypermetropia greater than 3.0 D.
The mean (SD) values and ranges of the ffERG recordings (right and left eyes) in the preterm and control groups are presented in Table 3 . The preterm children had lower amplitudes of the a-wave of the dark- CI, 0.5-1.8]; P < .001) were longer in the preterm children than the control group (Figure 1) . The ffERG recordings for the 6 protocols from a child born extremely preterm and a child born at term are shown in Figure 2 . The mean value of all ffERG recordings is shown as the middle trace, whereas the 2 other traces show the reproducibility of the recordings. Within the preterm group, there was no association between GA, birth weight, previous ROP, stage of ROP, or treated ROP for any of the ffERG values. When investigating the association between the 6 ffERG protocols and sex, VA, and SE in the preterm and the control groups, there was only a small number of P values below .05 (preterm group: SE and amplitude of the a-wave of dark-adapted 0. 
Discussion
This population-based study revealed both reduced rod and cone functions in 6.5-year-old children born extremely preterm when compared with age-and region-matched children born at term. The preterm children had lower amplitudes of the a-wave of combined rod-cone response (the dark- primarily the bipolar cells' response. 24, 25 Consequently, our findings revealed a general dysfunction of the rod and cone photoreceptors, as well as that of the cone bipolar cells in children 6.5 years of age who were born extremely preterm. The results of our study are in line with those of several ffERG studies, revealing a retinal dysfunction in infants and children who were born preterm. 13, [26] [27] [28] [29] [30] [31] [32] [33] However, most of these studies reported a predominantly negative association with rod function, 27-29,31,32 and Fulton et al 32 have described that cone function was less affected by preterm birth than was rod response. In contrast, our study found that cone function was also reduced, which might be explained by the extreme prematurity of the study group, resulting in an early arrest of the development of cone photoreceptors and bipolar cells. 
Research Original Investigation
Rod and Cone Function in 6.5-Year-Old Children Born Extremely Preterm assumed that the remaining abnormal retinal development in this cohort of children born extremely preterm explains both their reduced rod and cone functions at 6.5 years of age. Furthermore, oxygen exposure has been identified to affect the rod photoreceptor morphology 40 and to reduce rod function 41 in rat retinas. Hence, exposure to oxygen would also be a potential reason for an arrest of normal retinal development. Recently published studies, in which multifocal ERG was performed and visual evoked potentials recorded, also describe a reduced electrophysiological response in children born Within the preterm group of our study, there was no association between the ffERG recordings and GA, stage of ROP, or laser-treated ROP. Several ERG studies of prematurely born infants and children reveal different conclusions regarding the association with GA, ROP, and treated ROP. [26] [27] [28] [29] [30] [31] [32] However, the studies are not comparable because the GA range, the number of preterm children, the age at examination, and the ERG methods were all different. Åkerblom et al 26 reported a positive correlation between the rod and cone response and increasing GA in preterm children with a GA of between 22 and 32 weeks at birth. Several articles have reported that previous ROP reduces the rod function [26] [27] [28] [29] 31 and that there is an association between the severity of ROP and the dysfunction of rod photoreceptors. 27 Furthermore, both rod dysfunction and cone dysfunction are seen in infants with treated ROP.
29,30
Our study encompassed a homogenous group of children, born within a very narrow range of GA. Furthermore, a large number (35 of 52 [67%]) of the preterm children had ROP diagnosed during the neonatal period, and only 6 children had received laser therapy for ROP (1 eye also received cryotherapy). These facts might explain the lack of association between retinal dysfunction and GA or ROP in this cohort.
The preterm children in our study had lower VA and higher values of refraction (SE) than did those in the control group, which is in line with results of previous studies. 44, 45 High refractive errors and axial length affect the results of ERG in children and adults. [46] [47] [48] [49] When the preterm and control groups were compared regarding the ffERG recordings, an adjustment for refractive errors was performed, thus ensuring that the results were not affected by high values of SEs. An adjustment for sex was also performed because there was an unequal distribution of girls and boys in the cohort, and a sexassociated difference in ffERG measurements has been reported. 8 In our study, however, there was no significant association between the ffERG values and sex in the preterm and control groups.
Limitations
A limitation of the study was the small number of children who had been treated for ROP. The conclusion regarding the effect of treated ROP is therefore limited.
Conclusions
This cohort of children 6.5 years of age who were born extremely preterm in a very narrow range of GA had a reduced function of both rods and cones. Although amplitudes and implicit times of the ffERG in premature infants increase and develop over time, 50,51 there seems to be an arrest in the normal retinal development that appears to persist later into childhood, with reduced rod and cone functions. This finding accords with previously reported retinal structural and morphologic disturbances present after birth and during adolescence in the prematurely born child. 10 Role of the Funder/Sponsor: The funding sources had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and the decision to submit the manuscript for publication.
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